In diabetic dyslipidemia, cholesterol accumulates in the plasma membrane, decreasing fluidity and thereby suppressing the ability of cells to transduce ligand-activated signaling pathways. Liver X receptors (LXRs) are the main cellular mechanism by which intracellular cholesterol is regulated and play important roles in inflammation and disease pathogenesis. N,N-dimethyl-3β-hydroxy-cholenamide (DMHCA), a selective LXR agonist, specifically activates the cholesterol efflux arm of the LXR pathway without stimulating triglyceride synthesis. Thus, DMHCA possesses superior clinical potential as a cholesterol lowering agent than current LXR pan-agonist. In this study, we use a multi-systems approach to understand the effects and molecular mechanisms of DMHCA treatment in type 2 diabetic db/db mice and human -derived circulating angiogenic cells (CACs), which are vascular reparative cells. We find that DMHCA is sufficient to correct the retina-bone marrow (BM) axis in diabetes, thereby restoring retinal structure, function, and cholesterol homeostasis, rejuvenating membrane fluidity in circulating vascular reparative cells, hampering systemic inflammation, and correcting BM dysfunction.
Introduction
The landmark ACCORD Eye study demonstrated that, in type 2 diabetic (T2D) individuals with dyslipidemia, tight glycemic control supplemented with fenofibrate/statin combination significantly reduced the progression of diabetic retinopathy (DR) compared to statin supplement alone (1) . Subgroup analysis of the dyslipidemia cohort revealed that elevated LDL cholesterol was the only individual lipid measurement that was significantly associated with worse DR progression. These data establish diabetic dyslipidemia, and hypercholesterolemia specifically, as risk factors for DR and support the notion that therapies targeting lipid metabolism are clinically efficacious in T2D.
Serum cholesterol, which reflects the cholesterol exchange between tissues, is the clinical measurement used to estimate an individual's total cholesterol level. However, the overwhelming majority of cholesterol is distributed in the cell membranes of peripheral tissues where it accounts for 30-50% of the plasma membrane molar ratio (2) . Statins, the first line treatment for hypercholesterolemia, predominantly target cholesterol biosynthesis, and thereby decrease circulating LDL (3) . However, statins have a lesser effect on the efflux of intracellular cholesterol in peripheral tissues such as the retina (4, 5). In diabetic dyslipidemia, cholesterol accumulation leads to changes in membrane fluidity, inflammation and disease pathogenesis. (6, 7) . Increase in cholesterol could have pleotropic and cell-specific effects. We have previously demonstrated that in human retinal endothelial cells (HREC), increase in membrane cholesterol leads to stabilizations of membrane microdomains, such as lipid rafts, which promote cytokine receptor clustering leading to increased intracellular second messenger signaling and amplification of inflammatory cytokine signaling (8, 9) . In addition, cholesterol can affect membrane fluidity that is of particular importance for bone marrow-derived cell trafficking and mobility. Liver X receptors (LXR) are the main cellular mechanism by which intracellular cholesterol is regulated. These nuclear receptors transcriptionally regulate genes involved in lipid metabolism to homeostatically balance the endogenous biosynthesis, dietary uptake, metabolism, and elimination of lipids (10) . LXR activation is induced by elevated intracellular cholesterol and stimulates cholesterol removal through reverse cholesterol transport (11, 12) . In addition, LXR activation maintains the composition and physical properties of the cell membrane through the coupled regulation of phospholipid and cholesterol metabolism (13) . Activation of LXR is signaled through direct binding of endogenous lipid ligands, such as oxysterols and other cholesterol derivatives, as well as intermediate precursors in the cholesterol biosynthesis pathway (10, 11) . Synthetic chemical agonists of LXR have been developed for therapeutic intervention, and while they have proven efficacious in diabetic animal models (14) (15) (16) (17) (18) , their undesirable adverse effect profile, including hypertriglyceridemia and hepatic steatosis, has hampered clinical development (19, 20) . N,N-dimethyl-3β-hydroxy-cholenamide (DMHCA) is a synthetic oxysterol that induces gene-specific modulation of LXR (21). Mechanistically, DMHCA indirectly activates LXR through the inhibition of desmosterol reduction, the final step in the predominant cholesterol biosynthesis pathway, leading to the accumulation of the potent LXR agonist desmosterol (22) . During endogenous LXR activation, fatty acid biosynthesis is stimulated through the transcriptional induction of SREBP1c, leading to elevated triglyceride levels (23) . Intriguingly, DMHCA selectively activates the cholesterol efflux arm of the LXR pathway, through the induction of ATP-binding cassette transporter (ABCA1), with minimal effect on SREBP1c compared to other LXR agonists, T0901317 and GW3965 (21-25). Thus, DMHCA has superior clinical potential as a cholesterol lowering agent because it lacks the undesirable adverse effect profile that plagued the first generation of LXR modulators, while retaining the ability to lower circulating LDL and restore peripheral cholesterol homeostasis (21, 23) .
LXR signaling plays an important role in inflammation and disease (26) . In the retina, LXR depletion causes retinal/optic nerve degeneration (27) and the formation of acellular capillaries (17) and retinal pigment epithelial changes (28) , suggesting that LXR is required for normal retinal maintenance and its absence results in pathologies spanning the entire retina.
Interestingly, in the diabetic retina, LXR expression is downregulated, and activation of LXR using a chemical agonist is sufficient to reduce gliosis and the formation of acellular capillaries (17, 18) . LXR activation also displays potent anti-inflammatory effects, which are mediated, in part, by altering the composition of the plasma membrane (29) . By selectively regulating the cholesterol content of specific membrane microdomains, LXR inhibits signaling through toll-like receptors (TLRs) 2, 4, and 9 (29) . In diabetes, gut barrier dysfunction is an early event which increases circulating bacterial antigens, leading to enhanced activation of TLRs on endothelium and promoting chronic systemic inflammation (30) . Thus, LXR agonists, such as DMHCA, have the added potential benefit of hampering widespread inflammation in diabetes.
Additional features of diabetes are vascular insufficiency and deficient wound healing.
Circulating CD34 + vascular-reparative cells, also known as circulating angiogenic cells (CACs), play an important role in promoting vascular integrity and maintenance (31) . These cells require a complex network of intercellular signaling to home to areas of injury and provide trophic support that promotes vascular repair. In diabetes, these cells are defective, low in number, and their levels correlate strongly with presence of microvascular complications, such as diabetic retinopathy (32, 33). Cell replacement treatments using nondiabetic-derived vascular-reparative cells have proven efficacious in DR mouse models (34) , but drug treatments are needed that target and rejuvenate this population of circulating cells. In diabetic mice, LXR activation has been shown to restore the equivalent population of vascular reparative cells by enhancing their migration and suppressing oxidative stress and inflammatory gene expression (17) . Moreover, in LXR double-knockout mice fed a high fat diet, circulating vascular reparative cells are dysfunctional, decreased in number, and show an increased cellular cholesterol content (35) .
Interestingly, these mice also demonstrated alterations in hematopoietic stem and progenitor cells (HS/PS), suggesting that LXR's beneficial effects may extend to the hematopoietic stem cell (HSC) compartment (36) . Together, these studies suggest that LXR modulators like DMHCA have the potential to prevent and treat diabetic complications spanning multiple tissues and cell types.
In this study, we use a multi-systems approach to understand the effects and molecular mechanisms of DMHCA treatment in T2D db/db mice and human CD34 + vascular reparative cells. Using lipidomics, single-cell membrane fluidity assays, flow cytometry, and single-cell RNA sequencing, we characterize the effects of diabetes and DMHCA treatment on the retina, circulating immune cells, and the BM.
Results

Systemic DMHCA treatment restores cholesterol homeostasis in the diabetic retina
In diabetes, dyslipidemia promotes the accumulation of intracellular sterols. To test whether selective LXR agonism, using systemic DMHCA treatment, is sufficient to reduce the levels of intracellular sterols in the retina, T2D db/db mice were treated with oral DMHCA for 6 months after the onset of diabetes. Liquid chromatography-mass spectrometry (LC-MS) was performed on lipid extracts from whole retina to quantify free ( Figure 1A ) and total sterols ( Figure 1B ; total sterols = free sterols + esterified sterols). In db/db diabetic mice compared to db/m heterozygous controls, the cholesterol content of the diabetic retina was roughly 1.5 magnitudes higher, consistent with diabetic dyslipidemia ( Figure 1F ). Since cholesterol accounts for the overwhelming majority of cellular sterols, the total sterol content was also increased by a similar degree.
Interestingly, the correlation between free and total sterols for certain lipid species in the diabetic retina was inversely related. For example, free cholesterol in the diabetic retina was surprisingly decreased ( Figure 1A ), while esterified cholesterol was dramatically increased ( Figure 1B ), suggesting that the majority of accumulated cholesterol in the diabetic retina is in the esterified form. A similar trend was observed for desmosterol, the final intermediate in the cholesterol biosynthesis pathway and a potent endogenous LXR agonist. In the diabetic retina, free desmosterol was decreased, and esterified desmosterol was dramatically increased ( Figure 1A , B and E).
Endogenous cholesterol biosynthesis is increased in the diabetic retina. Lanosterol, an early intermediate in the cholesterol biosynthesis pathway, was elevated in both the free and total sterol pools in the diabetic cohort ( Figure 1A, B ). The ratio of free lanosterol to cholesterol, which is often used in plasma samples to estimate endogenous cholesterol biosynthesis, was elevated in the diabetic retina. However, while the total lanosterol concentration was increased in diabetes, the ratio of total lanosterol to cholesterol was decreased, likely due to the disproportionate accumulation of esterified cholesterol ( Figure 1A,   B ). Interestingly, the ratio of free desmosterol to cholesterol was decreased in the diabetic cohort ( Figure 1E ). Given the aforementioned increase in the free lanosterol to cholesterol ratio in the diabetic retina, one would expect to observe a concomitant increase in desmosterol as a result of enhanced pathway flux. However, free desmosterol was decreased and the lanosterol to desmosterol ratio was increased ( Figure 1A, B ), suggesting that the diabetic retina may fundamentally alter cholesterol biosynthesis.
Impressively, DMHCA treatment corrected many of the observed shifts in the free and total sterol profiles of the diabetic cohort. Free and total desmosterol were increased with DMHCA treatment ( Figure 1A, B ), confirming the activity of DMHCA in the retina, which specifically inhibits desmosterol reduction leading to its accumulation. Remarkably, total cholesterol in the DMHCA treatment group was reduced by over a magnitude to baseline levels ( Figure 1B , F). In addition to desmosterol, many other oxysterol species serve as endogenous LXR agonists. DMHCA treatment increased free oxysterols by >50%, including the known LXR agonist 24, 25-epoxycholesterol ( Figure 1C , D). Consistent with LXR agonism, DMHCA treatment increased the transcriptional expression of the cholesterol efflux pump ABCA1 by over 100% in the diabetic retina ( Figure 1G) . Surprisingly, DMHCA treatment increased lanosterol and the lanosterol to cholesterol ratio, suggesting enhanced cholesterol biosynthesis ( Figure 1A, B ). However, the amount of free cholesterol was decreased with DMHCA treatment, meaning that any increase in cholesterol biosynthesis appears to be offset by a larger uptick in cholesterol efflux. Together, these data demonstrate the dramatic shift in the free and total sterol pools in the diabetic retina and provide strong evidence showing the beneficial effects of systemic DMHCA treatment on restoring cholesterol homeostasis in the retina.
DMHCA rescues diabetes-induced membrane rigidity in circulating vascular reparative cells in mice and humans
In diabetes, buildup of cholesterol impedes the fluidity of the plasma membrane causing a pathologic increase in the rigidity of the cell (37, 38, 39) . To test whether the observed improvements in cholesterol metabolism with DMHCA treatment could rescue this diabetic phenotype, we used an ex vivo imaging approach to quantify the effects of DMHCA on membrane fluidity of stem/progenitor cells from diabetic patients and mice. For human studies, peripheral CD34 + cells were collected from 19 individuals with T2D and from 19 nondiabetic control subjects (Supplemental Table 1 ). We chose to focus on CD34 + cells because membrane fluidity is especially important in this population, which require membrane flexibility to egress from the BM and a complex network of lipid rafts to transduce activation signals. Compared to the control cells (n=136), the membrane fluidity of diabetic CD34 + cells (n=89), as assessed by fluorescence recovery after photobleaching (FRAP), was significantly reduced (Figure 2A, B ). This is consistent with the well-described dysfunction of CD34 + in diabetes, leading to a reduced ability to correct chronic vascular injuries such as occurs in DR.
Remarkably, ex vivo treatment of diabetic CD34 + cells with DMHCA for 16-18 hours restored the fluidity of the membranes to baseline nondiabetic levels ( Figure 2B ). These exciting data display the potential of DMHCA to be used as a therapeutic intervention to restore the structure, and presumably function, of CD34 + vascular reparative cells in diabetic patients.
A similar approach was used to assess the in vivo ability of DMHCA to correct the membrane fluidity of CACs in diabetic mice. CACs were defined as CD45 + CD11b -CD133 + FLK1 + peripheral circulating cells (Supplemental Figure 1 ). Compared to control cells (n=11), CACs from db/db mice (n=12) showed increased membrane rigidity, similar to what was observed in diabetic human-derived CD34 + cells ( Figure 2C , D). After 16-18 hours of ex vivo DMHCA treatment, the membrane fluidity of diabetic CACs (n=17) was rescued to above baseline nondiabetic levels ( Figure 2D ). These data complement those observed in the human studies and demonstrate the potent ability of DMHCA to acutely correct the detrimental effects on membrane rigidity caused by diabetic dyslipidemia.
DMHCA retards the progression of diabetic retinopathy in db/db mice
Given the remarkable ability of DMHCA to restore cholesterol homeostasis in the diabetic retina and to rescue the membrane fluidity of circulating vascular reparative cells in diabetes, we next sought to explore the functional impact of these beneficial effects on the progression of DR. Similar to humans, diabetic db/db mice develop progressive retinal pathology that shares many key features with DR including increased infiltration of proinflammatory leukocytes, formation of acellular capillaries, and reduced visual response (40, 41) . To assess the anti-inflammatory effects of DMHCA on the diabetic retina, flow cytometry was used to quantify the relative percentages of infiltrating monocytes/macrophages. To isolate macrophages and monocytes, CD45 + CD11b + cells were gated on the macrophage marker F4-80 (Supplemental Figure 2 ). Macrophages were further gated on CD206 to isolate M1 CD206macrophages and M2 CD206 + macrophages, while monocytes were gated on CCR2 to isolate classical CCR2monocytes from nonclassical CCR2 + monocytes (Supplemental Figure 2 ). Compared to control, diabetes induced a relative increase in classical monocytes and pro-inflammatory M1 macrophages and a decrease in non-classical monocytes and reparative M2 macrophages ( Figure 3A Consistent with these data, the absolute number of leukocytes in retinal cross-sections stained with CD45 were increased in untreated diabetes compared to control, and DMHCA treatment significantly reduced the number of infiltrating CD45 + leukocytes ( Figure 3C ). Furthermore, the transcript level of CCL2, a hypoxia-induced monocyte chemoattractant, was significantly increased in the untreated diabetic retina compared to control, and DMHCA restored the CCL2 transcript level to baseline ( Figure 3D ).
A hallmark feature of DR is microvascular dropout, which promotes retinal ischemia in diabetes. Compared to control, the number of acellular capillaries in the untreated diabetic retina was significantly increased ( Figure 3E ). DMHCA protected the diabetic retina from microvascular dropout, reducing the number of acellular capillaries to baseline levels ( Figure   3E ). These data further support the structural benefits allowed by DMHCA treatment on the diabetic retina. To assess whether these structural improvements have functional significance in DR, electroretinography was used to quantify the visual response of the retina. Compared to control, the untreated diabetic retina showed significant decreases in scotopic a-and b-waves, consistent with diabetes-induced visual dysfunction ( Figure 3F ). DMHCA treatment restored visual function in the diabetic animals and increased scotopic b-waves closer to baseline levels ( Figure 3F ). Together, these data demonstrate the beneficial effects of DMHCA treatment on the inflammatory state, vascular integrity, and visual function of the diabetic retina and suggest that DMHCA treatment has clinical potential as a treatment for DR.
DMHCA reduces the pro-inflammatory state of the BM and increases the egression of vascular reparative cells into the peripheral circulation
In diabetes, low-level chronic inflammation alters the homeostatic balance of nearly all tissues, including the BM microenvironment (42) . Myeloidosis, defined as an increase in the proportion of myeloid-derived leukocytes, is a common feature in diabetic BM and promotes the systemic inflammatory phenotype (43) . Based on the observed anti-inflammatory effects of DMHCA on the diabetic retina, we asked whether the benefits afforded by systemic DMHCA treatment extended to the level of the BM microenvironment and the systemic circulation.
Compared to control, cytometry bead array and ELISA analyses of BM supernatants from untreated diabetic mice displayed significant increases in the protein levels of secreted proinflammatory molecules, including TNF-α, IL-3, and CCL-2. Remarkably, DMHCA treatment restored the levels of BM-derived TNF-α and IL-3 to baseline and significantly reduced CCL-2 production by >50% ( Figure 4A , B and C). These data are consistent with DMHCA's ability to hamper the pro-inflammatory microenvironment of the diabetic BM.
Next, flow cytometry was used to profile specific populations of leukocytes in the BM and peripheral circulation (Supplemental Figure 3 ). Compared to control, diabetes induced a significant increase in the number of circulating monocytes but surprising, had no effect on the total monocyte population of the BM ( Figure 4D ). DMHCA treatment significantly reduced the number of circulating monocytes in diabetic mice ( Figure 4E ). We next focused on vascular reparative cells in the BM and circulation. As previously reported, diabetes induced a significant decrease in the total proportion of CACs in the BM and peripheral circulation ( Figure 4F , G).
Compared to untreated diabetic mice, DMHCA significantly increased the number of CACs in the BM and peripheral circulation ( Figure 4F , G). These findings complement the previous data showing enhanced membrane fluidity in DMHCA-treated CACs and suggests that the improvements in membrane fluidity may account for the observed increase in CAC egression into the peripheral circulation. Taken together, these data demonstrate that systemic DMHCA treatment has the additional benefit of preventing diabetes-induced myeloidosis and enhancing the egression of vascular reparative cells into the peripheral circulation.
DMHCA acts at the level of HS/PC to correct diabetic myeloidosis
To better understand the mechanism by which DMHCA normalizes the composition of circulating peripheral leukocytes, we next focused on the hematopoietic stem cell (HSC) compartment. During hematopoiesis, differentiation signals instruct HSCs to favor specific lineages, and a homeostatic balance of these signals is necessary to maintain equilibrium of circulating cells. In certain pathologic states, this balance becomes uneven leading to the accumulation of a particular lineage, such as in diabetic myeloidosis. To explore the HSC compartment, we gated on lineage -, SCA1 + , c-KIT + (LSK) BM cells (Supplemental Figure 4 ). CD34 + FLT3 + multi-potent progenitors (MPPs) accounted for the largest majority of LSK cells, followed by CD34 + FLT3short term HSCs (ST-HSCs) and finally CD34 -FLT3long term HSCs (LT-HSCs). Compared to controls, untreated diabetic LSK cells displayed decreased ST-HSCs and LT-HSCs and increased MPPs ( Figure 5A , B and D). In the treated diabetic cohort, DMHCA significantly reduced the proportion of MPPs back to baseline and increased LT-HSCs ( Figure   5A , C and D). These data support the notion that DMHCA is sufficient to restore the HSC compartment in diabetes towards a nondiabetic state.
Lineage-committed progenitor populations (lineage -sca1ckit + ) were examined next to determine the effect of DMHCA on hematopoietic lineage flux ( Figure 5E ). CD32/CD16 -CD34 + common myeloid progenitors (CMPs) accounted for the largest percentage of cells, followed by CD32/CD16 + CD34 + granulocyte myeloid progenitors (GMPs) and finally CD32/CD16 -CD34megakaryocyte-erythrocyte progenitors (MEPs). Untreated diabetic mice showed an increase in CMPs and GMPs and a decrease in MEPs, consistent with diabetic myeloidosis ( Figure 5F , G and H). Again, DMHCA treatment corrected many of the defects observed in the lineagecommitted progenitor populations in diabetes. DMHCA significantly reduced the number of GMPs, suggesting a decrease in the production of neutrophils and monocytes ( Figure 5G ). This is consistent with our previous observations demonstrating reduced circulating monocytes with DMHCA treatment and suggests that the mechanism relates, at least partially, to the ability of DMHCA to correct diabetic myeloidosis. In addition, DMHCA treatment significantly increased the proportion of MEPs to baseline levels, suggesting an increase in the production of erythrocytes and megakaryocytes ( Figure 5H ).
Finally, we assessed the differentiation ability of BM-derived stem and progenitor cells using an ex vivo culture assay. BM from control, diabetic, and DMHCA-treated mice were enriched for progenitor markers and grown in culture for 12 days, after which the number of colony forming units (CFU) was counted. In BM from untreated diabetic mice, there were significantly more granulocyte, erythroid, macrophage, megakaryocyte (GEMM) CFUs and granulocyte, macrophage (GM) CFUs compared to control, again consistent with diabetic myeloidosis ( Figure 5I ). In diabetic mice treated with DMHCA, the number of GM-CFUs was reduced to baseline levels while no effect was observed on GEMM-CFUs ( Figure 5J ). Together, these data suggest that DMHCA acts at the level of hematopoietic stem and progenitor cells to fundamentally shift diabetic hematopoiesis towards a more normal nondiabetic state.
Remarkably, this effect is sufficient to suppress diabetic myeloidosis.
Single-cell analysis of diabetic HSCs in DMHCA treated mice
To gain mechanistic insight into DMHCA's ability to influence diabetic HSCs and progenitors, single-cell RNA-seq was performed on LSK sorted BM cells. 5,103 cells were recovered from the untreated diabetic group and 5,152 cells from the DMHCA treated group, for a total of 10,255 HSCs. Unsupervised clustering was performed on the normalized, batch corrected, and cell-cycle gene regressed data and revealed 13 distinct clusters ( Figure 6A ).
The largest population of cells, accounting for 27% of the total combined sample, was multipotent stem cells ( Figure 6E ). These cells were identified by high expression of the stem cell markers CTLA2A, HLF, and CD34 and the absence of lineage specific gene expression ( Figure 6B ). Gene expression patterns of all major lineages were represented in the single-cell analysis, albeit at varying levels. These include dendritic cell progenitors (CD74, H2-AA, and H2-EB1 high), erythrocyte progenitors (HBB-BT high), lymphoid progenitors (DNTT high), monocyte progenitors (IRF8 and LY86 high), megakaryocyte/basophil progenitors (VWF and GATA2 high), neutrophil progenitors (MPO and CTSG high), and pre-B and T cell progenitors (EBF1/CD19 high and TRBC1 high, respectively) ( Figure 6B , C).
While the cluster distributions appear similar between the two groups ( Figure 6D ), differences are noted in the proportions of individual clusters ( Figure 6E ). In the DMHCA treatment group, multi-potent stem cells decreased by 8.8% ( Figure 6E ). This is consistent with our previous finding that DMHCA reduces the pathologic increase of MPPs in diabetic BM. Additionally, DMHCA increased the relative proportion of erythrocyte progenitors by 39% ( Figure 6E ). This is consistent with our previous observation of increased MEPs in DMHCAtreated BM. Interestingly, a novel population of stem cells was identified, which we refer to as AP1-high stem cells. This relatively small population, accounting for roughly 3% of the total sample, was identified as expressing high levels of the activator protein 1 (AP1) complex, including FOS, FOSB, JUN, JUNB, and JUND, and largely lacked expression of lineage specific genes ( Figure 6B ). In the DMHCA treatment group, this AP1-high stem cell population was increased by 54% ( Figure 6E ). Moreover, DMHCA treatment unexpectedly increased the relative proportion of both pre-B and naïve B cells ( Figure 6E ). Lastly, of note is the lack of change observed in the neutrophil and monocyte progenitor populations ( Figure 6E ). This suggests that DMHCA's ability to influence these cells and correct diabetic myeloidosis may occur at a later stage in hematopoiesis.
DMHCA treatment increases expression of immediate early response genes
To probe the transcriptional pathways responsible for DMHCA's effect on diabetic HSCs, we performed differential gene expression (DGE) analysis on the total DMHCA treated group compared to the untreated control. Using an FDR cutoff of 0.01 and accounting for technical covariates, we identified 1,048 differentially expressed genes ( Figure 7A ). The Figure 7B ). Pathway enrichment analysis identified the three most highly upregulated pathways as EIF2 signaling, elF4/p70S6K signaling, and mTOR signaling ( Figure 7C ). Notably, the NRF2 oxidative stress response, hypoxia signaling, and oxidative phosphorylation were also upregulated ( Figure 7C ).
DMHCA treatment enhances flux down the erythrocyte progenitor lineage
Similar to most differentiation processes, hematopoiesis proceeds across a spectrum of gene expression changes rather than in discrete discernible steps. Thus, single-cell profiles of HSCs represent individual snapshots in time, where each cell falls somewhere along the differentiation spectrum. Pseudotime trajectory analysis relies on the identification of specific gene expression patterns within the dataset to map the trajectory of cells along specific lineages. Using this technique, we identified two main differentiation pathways, one leading to megakaryocytes, erythrocytes, and dendritic cells, and another to peripheral circulating leukocytes ( Figure 8A ). Partition-based graph abstraction (PAGA) analysis uses a similar approach to physically map cells along a spectrum of gene expression changes and provides enhanced resolution. PAGA analysis of the combined dataset revealed a similarly distinct split between megakaryocytes/basophils and erythrocytes and peripheral leukocytes, including lymphoid, monocyte, neutrophil, pre-B, and pre-T progenitors ( Figure 8B ). Differentiation along the peripheral leukocyte division mostly precedes through a transition state characterized by low-level expression of several lineage-specific genes, which we refer to as a neutrophil/monocyte/lymphoid metastate ( Figure 8C ). This metastate then trifurcates into neutrophil, lymphoid, and pre-T cell progenitors ( Figure 8C ). Finally, monocyte progenitors derive from the neutrophil progenitor population, while pre-B cells derive from lymphoid progenitors ( Figure 8C ).
Interestingly, our analysis suggests that differentiation along the dendritic lineage is more closely related to the megakaryocyte/basophil and erythrocyte family and may actually represent a distinct division arising directly from the HSC compartment ( Figure 8C ). In addition, we further analyzed the novel AP1-high stem cell population to better understand which lineages these cells contribute to. PAGA analysis revealed that AP1-high stem cells are derived directly from HSCs and predominantly give rise to erythrocyte progenitors and, to a lesser degree, megakaryocyte/basophil and dendritic cell progenitors ( Figure 8C ).
Differentiation along the aforementioned lineages occurs through a gradual increase in lineage-specific genes ( Figure 8D ).
Lastly, we separated the PAGA analysis into the two discrete sample groups and found that DMHCA enhanced flux down the erythrocyte progenitor lineage ( Figure 8E ).
Compositional analysis comparing cellular densities between conditions confirmed the increase in erythrocyte progenitor density in DMHCA-treated BM ( Figure 8F ). Impressively, DMHCA not only expanded the proportion of erythrocyte progenitors but also increased the expression of the hemoglobin beta adult t chain (HBB-BT) ( Figure 8G, H) . Together, these data suggest that, at the earliest stage of hematopoiesis, DMHCA treatment enhances the overall production and robustness of erythrocyte progenitors.
DMHCA enhances signaling in the AP1-high stem cell and erythrocyte progenitor populations
We next focused on the AP1-high stem cell and erythrocyte progenitor populations to better understand how DMHCA influences these clusters. Compositional analysis confirmed an increase in the density of the AP1-high stem cell population with DMHCA treatment ( Figure   9A ). Based upon our trajectory analysis, which identified the AP1-high stem cell population as precursors to erythrocyte progenitors, the increase in AP1-high stem cells is consistent with the observed enhancement in erythrocyte flux. We next performed a differential gene expression analysis comparing the AP1-high stem cell populations in untreated and DMHCA treated mice. Owing to the relatively small number of cells in this population (261 cells total), only 9 genes were found to be differentially expressed and included, among others, the AP-1 genes FOS and FOSB and the Krüppel-like family of transcription factors (KLFs) KLF6 and KLF2 ( Figure 9B ). Pathway enrichment analysis focusing on intracellular and secondary messenger signaling identified the ERK and MAPK pathways as the most enriched, followed by glucocorticoid and JAK/STAT signaling ( Figure 9C ).
Next, we performed a differential gene expression analysis comparing the erythrocyte progenitor populations in untreated and DMHCA treated mice. Across 517 cells, 48 differentially expressed genes were identified ( Figure 9D ). Of note, these included genes involved in the immediate early response (FOS, FOSB, MYC, and IER2), hemoglobin synthesis (HBB-BT), and ribosome synthesis (RPS29, RPS19, RPS28, RPL37, and RPL14) ( Figure 9D ). Using these 48 differentially expressed genes, we performed pathway enrichment focusing on intracellular and secondary messenger signaling. Similar to the AP1-high stem cell population, glucocorticoid, ERK5 and JAK/STAT pathways were significantly enriched ( Figure   9E ). However, unlike the AP1-high population, the largest enrichment in erythrocyte progenitors was related to translation initiation (EIF2 and EIF4/p70S6K signaling) ( Figure 9E ).
Lastly, we examined the distribution of AP-1 genes across the 13 clusters of the untreated and DMHCA-treated diabetic mice. FOS, which encodes the c-Fos protein, is predominantly expressed in the AP1-high stem cell and naïve B cell populations ( Figure 9F 
Discussion
In this study, we use a multi-system approach to demonstrate the remarkable efficacy of the novel LXR agonist, DMHCA, on correcting diabetic dysfunction related to the retina-BM axis. In aged diabetic db/db mice, DMHCA treatment restores retinal cholesterol homeostasis, retards the development of DR, hampers chronic systemic inflammation, and corrects BM dysfunction. In circulating vascular reparative cells from diabetic patients and db/db mice, DMHCA rejuvenates membrane fluidity and promotes BM egression. Given the selective nature of DMHCA's mechanism of LXR agonism, which promotes cholesterol efflux and hampers systemic inflammation without inducing hypertriglyceridemia, the results herein provide compelling evidence that DMHCA treatment has the potential to provide multi-system protection in diabetic patients.
Our studies using highly sensitive quantitative LC-MS to measure free and total sterols in the diabetic retina provide an unprecedented view of the dysfunctional cholesterol homeostasis in diabetes. From these results, many novel conclusions are supported. First, in the diabetic retina, cholesterol buildup is immense and results from the accumulation of esterified cholesterol. This important finding is supported by the observation that free cholesterol is actually decreased in diabetes, while total cholesterol (total = free + esterified) is profoundly increased by 1.5 magnitudes. Second, desmosterol, a potent endogenous LXR agonist, follows a similar pattern to cholesterol in the diabetic retina, where free desmosterol is decreased and esterified desmosterol is dramatically increased. Esterification of desmosterol involves the addition of a long fatty acid tail, chemically altering the composition of desmosterol and likely reducing its ability to activate LXR, which requires side chain hydrogen bond acceptors for potent activation (10) . This finding potentially explains the previously observed decreases in LXR activity and transcript levels in the diabetic retina (18) , which are autoregulated by LXRα activation (36) . Third, diabetes alters the lanosterol to desmosterol ratio and surprisingly decreases free desmosterol in the face of enhanced cholesterol biosynthesis. This finding is unexpected given the increased flux in the cholesterol biosynthesis pathway, which would be presumed to increase free desmosterol, and suggests Given the beneficial effects of DMHCA on correcting the homeostatic balance of BMderived cells, we next explored the HSC and BM progenitor compartments to test whether DMHCA treatment directly influences hematopoiesis. In LSK cells, DMHCA treatment was sufficient to restore the diabetes-induced increase in MPPs and decrease in LT-HSCs.
Moreover, DMHCA reduced granulocyte myeloid progenitor hyperplasia and increased the production of megakaryocyte/erythrocyte progenitors. Lastly, DMHCA treatment was sufficient to lower ex vivo granulocyte/macrophage CFUs to baseline levels. Taken together, these exciting findings suggest that DMHCA's benefits extend to the hematopoietic stem cell compartment and that DMHCA treatment is sufficient to correct diabetic myeloidosis.
Lastly, to better understand the transcriptional mechanisms responsible for DMHCA's beneficial effects on diabetic hematopoiesis, we performed single-cell RNA-seq (scRNA-seq) on untreated and DMHCA treated LSK cells. The findings from our scRNA-seq analysis have important implications for our understanding of early fate decisions in HSCs. One striking finding in our analysis is that even the most primitive hematopoietic cells appear preprogrammed to enter specific lineages. This is supported by the 13 cell populations identified by unsupervised clustering, which account for nearly all of the main lineages derived from BM.
Another exciting finding from our scRNA-seq analysis is that dendritic cell differentiation appears to be more nuanced than previously suggested. A recent single-cell report using c-Kit + murine BM found that dendritic and monocytes lineages split late in differentiation (44) .
Our trajectory analysis, which uses a more primitive population of cells and thus provides a higher resolution of early fate decisions, suggests that the dendritic lineage is more closely related to the megakaryocyte/basophil and erythrocyte family and may actually represent a distinct division arising directly from the HSC compartment. Interestingly, in another recent scRNA-seq report on murine LSK sorted HSCs, the authors did not mention the dendritic cell lineage (45) . However, inspection of their publicly available dataset for expression of early The findings from our scRNA-seq analysis also help to elucidate DMHCA's mechanism of action in the HSC compartment. The main findings from our DMHCA treated sample were a decrease in the multi-potent stem cell population and an increase in the AP1-high stem cell and erythrocyte progenitor populations. Both of these findings are supported in our BM HSC studies, which found that DMHCA suppressed diabetes-induced hyperplasia of multipotent progenitors and increased production of erythrocyte/megakaryocyte progenitors. Based upon our trajectory analysis, which identified the AP1-high stem cell population as precursors to erythrocyte progenitors, the increase in AP1-high stem cells is consistent with the observed enhancement in erythrocyte progenitor flux. DGE analysis demonstrated that DMHCA increased the expression of several LXR target genes (46) , confirming that DMHCA fact directly modulates these primitive cells. Moreover, we observed a striking increase in immediate early response genes. These gene targets, such as FOS, EGR1, and MYC, are pleiotropic factors involved in many cell processes including differentiation. They are termed immediate genes because they are rapidly induced in response to inter-and intra-cellular signaling (47) . Many of these genes have well-characterized roles in hematopoiesis. For example, FOS expression is known to limit HSC hyperplasia (48) , whereas FOS depletion results in a >90% reduction of clonogenic B-cell precursors (49) . Both of these observation are consistent with our results herein. Given our previous findings on improved membrane fluidity with DMHCA treatment, the increase in immediate early gene expression in HSCs is not surprising as the enhanced formation of membrane microdomains amplifies the transduction of intercellular signaling. The most highly-enriched pathways in DMHCA treated HSCs were related to ribosome synthesis/translation initiation (EIF2 and EIF4/p70S6K signaling) and mTOR signaling. Moreover, pathway enrichment analysis indicated upregulation of the hypoxia and Nrf-2 pathways. At normal steady-state, the BM microenvironment is hypoxic, and cellular stress stimulates increase BM pO 2 (50) . Nrf2 is the master regulator of several cellular antioxidant pathways. As Nrf2 expression is decreased in diabetic BM cells (51) , DMHCA induced upregulation of Nrf-2 may function as a pro-survival response. Together, these findings suggest that DMHCA treatment normalizes the BM microenvironment. Lastly, we found key genes and intracellular pathways that were differentially regulated in the treated versus untreated AP1-high stem cell and erythrocyte progenitor populations.
DMHCA treated AP1-high stem cells showed increased AP-1 complex genes as well as increased expression of KLF2 and 6. Interestingly, homozygous knockout of either KLF2 or KLF6 is embryonic lethal and required for normal erythrocyte development (52, 53) . Pathway enrichment analysis found significantly enriched ERK and MAPK pathways, consistent with immediate early gene expression (47) . DMHCA treated erythrocyte progenitors showed induction of ribosomal and immediate response genes. Of note is the increase in MYC expression, which has recently been shown to induce proliferation of erythroid progenitor cells in an ex vivo method used to produce large quantities of red blood cells (54) . DGE analysis also showed significantly increased hemoglobin gene expression, suggesting that DMHCA not only increases erythrocyte progenitor flux but also stimulates the production of more robust erythrocyte progenitors. Pathway analysis showed significantly enriched ERK signaling as well as translation initiation pathways, consistent with immediate gene response. Taken together, these data demonstrate that DMHCA enhances hematopoietic stem cell signaling and improves erythrocyte differentiation in diabetes. Vascular insufficiency and peripheral ischemia are known complications of diabetes. Interestingly, the first cell type that was discovered to display enhanced membrane rigidity in diabetes was erythrocytes, leading to reduced deformability, which is required for traversing small capillary lumens (55) . Thus, DMHCA may correct erythrocyte dysfunction in T2D and thereby promote oxygen delivery to peripheral tissues.
Using a multi-system approach, this study demonstrates the broad and pleiotropic effects of DMHCA in the treatment of diabetes. The beneficial effects of DMHCA reported herein extend to multiple tissues and are sufficient to correct the retina-BM axis. Overall, these findings support the exciting potential of DMHCA to be used as a clinical intervention to correct a broad range of abnormalities induced by diabetes. 
Materials and Methods
Experiment design
Lipid extraction
Mouse retinas were subjected to monophasic lipid extraction in methanol: chloroform: water (2 : 1 : 0.74, v : v : v) as previously described (56) . During lipid extraction, each sample was spiked with 100 nanograms of synthetic 19-hydroxycholesterol obtained from Steraloids (Newport, RI) for quantitation of sterols and oxysterols. Lipid extracts were resuspended using 200 µL/retina in methanol containing 0.01% butylated hydroxytoluene.
Analysis of Free and Total Sterol Content
Sterols and oxysterols were analyzed by high resolution/accurate mass LC-MS using a Shimadzu Prominence HPLC equipped with an in-line solvent degassing unit, autosampler, column oven, and two LC-20AD pumps, coupled to a Thermo Scientific LTQ-Orbitrap Velos mass spectrometer. Lipid extracts were used directly for analysis of 'free' sterols and oxysterols, or subjected to alkaline hydrolysis of sterol esters for analysis of total cellular sterols as previously described (57) . Gradient conditions, peak finding, and quantitation of sterols and oxysterols were performed as previously described (58) . All sterol and oxysterol identifications were performed by comparison of retention time, exact mass, and MS/MS profiles to authentic standards purchased from Steraloids.
Acellular capillaries
Eyes were fixed in 2% formalin and trypsin digest was performed for analysis of acellular capillaries as previously published (59) .
Electroretinogram (ERG)
For full-field ERG recordings, mice were dark adapted for 12 h. In preparation for the ERGs, the mice were anesthetized with intramuscular (IM) injections of ketamine and xylazine.
The pupils were dilated with 1% atropine sulfate and 2.5% phenylephrine hydrochloride ophthalmic solution which also reduced sensitivity of the eyes to touch. When anesthetized, the mice were placed on a stand in a LED Ganzfeld stimulator (LKC Technologies, Gaithersburg, MD). A drop of Goniotaire solution (from Altaire pharmaceuticals and contains 2.5% hypromellose solution) was applied to each eye to ensure a good electrical connection between the electrodes and the eyes. Animals were kept on a heating pad (37 °C) during the procedure.
Full-field ERGs were recorded from both eyes using the LKC system. Corneal electrodes with contact lenses were placed on each eye, and a steel subdermal needle served as the reference electrode. For grounding, a steel needle was placed in the tail. Mice were dark adapted overnight for 12 hours prior to the start of the experiment. To test scotopic responses, mice received a series of flashes at intensities -20db, -10db and 0db.
Bone marrow analysis
Bones were harvested from mice in sterile conditions and the supernatant was washed with PBS (1x) containing a protease inhibitory cocktail (AEBSF 1mM, Aprotinin 800nM, Bestatin 50µM, E64 15µM, Leupeptin 20µM, Pepstatin A 10µM) (Thermo Scientific #78438).
After centrifugation at 300 x g for 10 min at 4°, the BM supernatant was removed and the cells destined for cell culture analysis or freeze to posterior analysis. The BM supernatant was concentrated with Amicon Ultra-15 (#UFC900324) for 60 min at 3220 x g. The supernatant was used for quantification of cytokines and chemokines.
Cytokines quantification
Levels of TNF-alpha and CCL-2 were measured on the bone marrow supernatant using Cytometric Bead Array (TNF #888299; CCL-2 #558342), and IL-3 measurement by ELISA kit (R&D system #M3000). The concentrated supernatant was incubated with beads and acquired on a BD FACSCelesta following the manufacturer's instructions. The concentration was determined using a standard curve and analyzing on BD FACSArray software. Protein assay was performed to normalize the concentration in pg/mg.
Colony-forming unit
Analysis of colony-forming units was performed as previously published (60) . BM cells 
10X Genomics single-cells
For single-cell RNA-Seq (scRNA-seq), BM single-cell suspensions were generated from 9 month old untreated and DMHCA treated db/db mice. Briefly, BM cells were aspirated from femur samples and filtered through #40 µm mesh. Single-cell suspensions were column enriched for Sca-1 + , FACS sorted using lineageand c-Kit1 + markers, and assayed for viability using trypan blue. Viable cells were then run through the 10X genomics platform for dropletbased single-cell barcoding and cDNA generation. Illumina HiSeq was used for cDNA sequencing. The 10X Genomics software Cell Ranger (version 3.1.0) was used for quality control of sequencing reads, FASTQ file generation, and demultiplexing. The STAR software was used for read alignment using the mouse mm10 reference genome.
Single-cell RNA-seq data analysis
For scRNA-seq data analysis, multiple software platforms were used including Scanpy, Monocle, and Seurat. The authors are grateful for Luecken and Theis (61) whose tutorial on the current best practices in single-cell RNA-seq analyses formed the foundation of the analysis herein. For transcript quality control, Scanpy was used to plot histograms of total counts per cell and genes per cell, which were then used to identify cutoffs that eliminated doublets and damaged cells. Additionally, a mitochondrial gene percentage cutoff of 20% was used to further eliminate damaged cells. After quality control, 5,103 cells were recovered from the untreated diabetic group and 5,152 cells from the DMHCA treated group, for a total of 10,255 cells. The two treatment groups were then concatenated to form a single adata file, and a minimum cutoff of 10 cells per gene was used to eliminate lowly represented genes.
Normalization was performed using Scran, which employs a pooling-based size factor estimation method to normalize single-cell transcript data across heterogenous cell populations (62) . Scanpy was then used to perform complete cell cycle regression using the cell cycle genes identified by Tirosh et al (63) . ComBat was used for batch correction with cell cycle scores included as covariates (64) . Scanpy was then used to select 4,500 highly variable genes, and the UMAP plot was generated using a resolution of 0.8. Subclustering was then performed to arrive at the final UMAP representation of 13 clusters. Scanpy was used to identify marker genes for each cluster. The assignment of cluster identities was guided by the expression of lineage-specific marker genes identified in previous scRNA-seq datasets on murine HSCs (44, 45, 65) . In the case of novel undefined cell populations, clusters were identified based on their unique expression patterns and the presence/absence of lineagespecific markers. Compositional analysis was done using Scanpy.
To identify differentially expressed genes across total samples or specific cluster subpopulations, MAST was used and the analysis included the technical covariate number of genes expressed per cell (66) . An FDR cutoff of 0.01 was used in the total sample DGE while a cutoff of 0.05 was used in the subpopulation analyses. Pathway enrichment analysis was performed using Ingenuity Pathways Analysis (IPA), with all canonical pathways used in the total sample DGE and secondary messenger/intracellular signaling pathways in the subpopulation analyses.
Pseudotime trajectory analysis was performed using Monocle with the naïve B cell population removed and max components set to 3. PAGA analysis was performed using the preprocessed adata file with the threshold set to 0.07. Seurat was used to graph the violin plots.
Immunofluoresence staining
Enucleated eyes were fixed in 4% paraformaldehyde overnight at 4 o C. The next day, eyes were washed 2X for 5 min with PBS(1x) follow by incubation in 30% sucrose for 48 hrs and then snap frozen in optical cutting temperature (OCT) compound. Retinal crossections (12 µm) were processed for immunostaining using the following antibodies: rat monoclonal to CD45 antibody (clone 30-F11, R&D Systems , 1:50). Sections were pre-incubated with 5% goat serum 
Fluorescence Recovery after Photobleaching (FRAP) Measurements
FRAP was performed as previously described (67, 68) .
Briefly, samples were placed on a motorized stage of a confocal scanning microscope (Nikon C2+), and images using 40X objective and 405 excitation laser. NIS-Elements Acquisition imaging software (v 4.30) was used for FRAP experiments, with settings of pixel dwell 1.9, size 512, normal, DAPI checked, HV between 90-145 (typically ~125), offset of 10, and laser power 0.71. The 40X objective was used to locate cells and region of interest (ROI) was either 3 or 2 μm diameter for human or mouse samples, respectively, one used as the stimulating spot and the other as a standard, placed in a dark, non-fluorescent spot. A continuous scanning time measurement was performed to ensure the cell did not move, indicated by a constant fluorescent intensity value over time. There was 1 minute of data acquisition (for 61 loops) at 1 sec intervals, bleaching for 1 second (4 loops) with no delay in intervals, and acquisition for another 5 min (301 loops) at 1 sec intervals. Data were fit using IGOR Pro software (WaveMetrics Inc.).
Statistical analysis
All values are expressed as mean ± SEM. A value of p < 0.05 was considered to be statistically significant. Statistical tests were performed using statistics software (GraphPad Software; La Jolla, CA). Mann-Whitney test t was used for comparisons between two groups. 
